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 i 
Abstract 
 
An experimental investigation has been conducted on CHTE quench probes and IVF 
quench probes to determine the influence of flow rate, spray distance and concentration 
of AQ251 polymer quenchant on the cooling rate and heat transfer coefficient during 
spray quenching. Time-temperature data has been collected for each spraying condition 
using the CHTE spray quenching system. Heat transfer coefficients as a function of 
temperature have been estimated and compared by using lumped thermal capacity model 
and an inverse heat conduction model. The results revealed that the maximum cooling 
rate increases with increasing in the flow rate in varying concentration of polymer 
quenchant in both probes. It was also found that the cooling rate decreases with the 
increase of the concentration of polymer quenchant.  
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1. Introduction 
Spray quenching is an important and frequently used industrial process. 
Unfortunately, little experimental data are available on the rate of heat extraction and 
therefore the effective heat transfer coefficient for this quenching process. Industrial 
experiments have revealed that the flow rate of coolant as well as the nozzle design can 
have a significant effect as the quenching performance.[2, 3]  
Although the cooling curve of spray quenching is similar to immersion quenching, 
several essential differences exist. The parameters that govern in spray quenching are the 
rate of droplet (flow rate, liter/sec) arrival per unit area, distribution of droplet size, 
droplet velocity and spray distance. Also when quenching with aqueous polymer 
solutions, the concentration of polymer quenchant is an important factor which affects the 
heat transfer in spray quenching like immersion quenching [4]. This thesis addresses the 
influence on quenching behavior of different flow rate, and spray distance with varying 
concentration of AQ251 polymer quenchant and size of spray nozzles.  
The cooling rates are calculated from experimental time/temperature data and used 
to calculate the heat transfer coefficient. A comprehensive review of available research 
has been conducted by Mitsutsuka et.al. [5-8]. The available results do not yield a 
universal formula that can be used to calculate the heat transfer coefficients under 
different operating conditions. Most of the available relations are empirical formulas that 
had been developed for specific quenching conditions. In this thesis, the heat transfer 
coefficients have been calculated by solving one-dimension heat conduction problem 
using two analytical methods: lumped thermal capacity model and inverse heat 
conduction model. The results have been also compared with those obtained from the 
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Ohnishi’s equation [8], developed based on the Mistsutsuka function which is the most 
reliable published equation for calculating heat transfer coefficient of steel for water 
spray quenching.   
   The goal of this project is to experimentally determine the effect of important process 
parameters (flow rate, spray distance and polymer quenchant concentration) on the 
cooling rate and heat transfer coefficient. The experiments have been conducted on two 
types of probes (IVF, CHTE) by using the CHTE spray quenching system.  
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2. Literature Review 
2.1 Quenching and Its Stages 
 
“Heat Treatment can be defined as an operation or combination of operations involving 
the controlled heating and cooling of a metal in the solid state for the purpose of 
obtaining specific properties”[9]. 
As one of the most important heat treatment processes, quenching of steel refers to the 
cooling from the solution treating temperature, typically 845-870°C (1550-1600°F), into 
the hard structure-martensite [10]. Quenching is typically performed to prevent ferrite or 
pearlite formation and to facilitate bainite or martensite formation [10]. After quenching, 
the martensitic steel is tempered to produce the optimum combination of strength, 
toughness and hardness. For a specific steel composition and heat treatment condition, 
there is a critical cooling rate for full hardening at which most of the high temperature 
austenite is transformed into martensite without the formation of either pearlite or bainite 
[9]. 
As the steel is heated it absorbs energy that is later dissipated by the quenchant in 
the quenching process. It is important to understand the mechanisms of quenching and 
the factors that affect the process since these factors can have a significant influence on 
quenchant selection and the desired performance obtained from the quenching process. 
The shape of a cooling curve is indicative of the various cooling mechanisms that occur 
during the quenching process. For the liquid quenchants like water and oil, cooling 
generally occurs in three distinct stages, film boiling, nucleate boiling and convection 
stages, each of which has different characteristics. Figure 2.1 shows the cooling and 
cooling rate curves during the quenching process [7].  
 4
 
Fig.2.1 Cooling mechanism [11] 
2.1.1 Film boiling stage 
 
The fist stage of cooling, which is denoted as D-E stage in Figure 2.1, is characterized 
by the formation of a vapor film around the component [9]. This vapor blanket develops 
and is maintained while the supply of heat from the interior of the part to the surface 
exceeds the amount of heat needed to evaporate the quenchant and maintain the vapor 
phase. This film acts as an insulator and starts to disappear when the Leidenfrost 
temperature, the temperature above which a total vapor blanket is maintained, is reached. 
This is a period of relatively slow cooling during which heat transfer occurs by radiation 
and conduction through the vapor blanket. This stage is nonexistent in parts quenched in 
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aqueous solutions with more than 5% by weight of an ionic material as potassium 
chloride sodium hydroxide or sulfuric acid. In these cases quenching starts with nucleate 
boiling [9]. 
 
2.1.2 Nucleate boiling stage 
 
Upon further cooling, stage C-D, or the nucleate boiling stage begins, until it reaches 
the maximum cooling at point C. This cooling mechanism is characterized by violent 
boiling at the metal surface. The stable vapor film eventually collapses and cool 
quenchant comes into contact with the hot metal surface resulting in nucleate boiling and 
high extraction rates. In the nucleate boiling stage correlations have been used for smooth 
surfaces, although no consideration is given for other surfaces. Additionally, no definition 
of a smooth surface was given [12]. The objective regardless of the stage is to be able to 
calculate an effective heat transfer coefficient for the process. The lumped analysis model 
and the inverse heat conduction model are two of models that are used to calculate heat 
transfer coefficient and obtain results in order to establish performance comparisons. 
These models enable an expedient means to obtain preliminary results for the study of the 
effect of surface roughness and high temperature oxidation on quenching performance. 
 
2.1.3 Convection stage 
 
Stage C, or the convective cooling stage, in figure 2.1 begins when the metal cools just 
below the boiling point of the quenching fluid [7]. As cooling continues, the surface 
temperature is below the boiling point of the quenching fluid and the metal surface is 
completely wetted by the fluid. At this point, the cooling rate is low and determined by 
the rate of convection and the viscosity of the quenching fluid. The B- to C-stage 
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transition temperature is primarily a function of the boiling point of the quenchant, and 
the rate of heat removal in stage C is much slower than in stage B. When the cooling is in 
convection stage, boiling ceases and heat is removed by convection into the liquid. Heat 
is removed very slowly during this stage. Heat transfer rates in this region are affected by 
various process variables, such as agitation, quenchant viscosity and bath temperature, 
and by the viscosity of the quenchant medium.  
During quenching the duration of the vapor phase and the temperature at which the 
maximum cooling rate occurs have a critical influence on the ability of the steel to harden 
fully. The rate of cooling in the convection phase is also important since it is generally 
within this temperature range that martensitic transformation occurs and it can, therefore, 
influence residual stress, distortion and cracking 
 
2.2 Quenchant Characterization 
 
  Water is the most common quenchant, followed by quenching oils. Obviously, water is 
readily available and nontoxic; however, this quenchant is severe, often causing cracking 
soft spots and distortion in parts. Oils also have severe disadvantages, including limited 
variability in quench rates, fire hazards, smoke emission and disposal problem. Many 
applications require quench rates intermediate between those achievable with oil and 
water. The section of polymer quenchant will be discussed as follows[7] 
 
2.2.1 Polymer quenchant 
 
  Polymer quenchant use a polymer additive to water. There are many kinds of polymers; 
PVA, POG, PAG etc, and each have particular attributes. The effect of the polymer is that 
the speed of the quench can be fairly precisely controlled by varying the amount of 
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concentration. Polymer quenchants are used in industry where the temperature of the 
quench and concentrations are tightly controlled and are most effective when used with 
induction or atmosphere controlled furnaces.  
    A polymer is defined as a large molecule built up by the repetition of small, 
“simple” chemical units called monomers. Polyalkylene glycol (PGA) (Fig.2.2) is an 
example of a copolymer derived from two monomeric units, ethylene oxide and 
propylene oxide. The term alkylene oxide is a simplification of terminology used to 
designate that the polymer contains both ethylene and propylene oxide units. In chemical 
terms, ethylene and propylene are both included in the general class of alkylene. Over the 
past 30 years, PGA is the most often used polymer quenchant in industrialized countries. 
[7] 
 
Fig.2.2 Polyalkylene glycol structure [7] 
2.3 Quenchant Chemistry 
 
2.3.1 Aqueous 251 polymer 
 
The AQ 251 quenchant was used for this work, which is a two PAG polymers mixture 
quenchant and typically is used in both steel and aluminum heat treating application.  
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2.4 Quenching Probes 
 
2.4.1 IVF probe 
 
The IVF probe is based on the ISO9950 standard and is manufactured by the Swedish 
Institute of Production Engineering Research. The probe and system are described in the 
following paragraphs. The information in Table 2.1 has been summarized from IVF 
Quench test, portable test equipment for quenching media [1] and Table 2.2 is the 
composition of Inconel 600. Figure 2.3 shows IVF probe. The test probe is fastened to the 
handle using a standard thermocouple plug-and-socket connection. This allows 
measurement to be made, for example, with thermocouples embedded in components. 
 
Table 2.1 IVF Probe Characteristics [1] 
 
 
Fig.2.3 IVF test probe and handle [1] 
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Table 2.2 Composition of Inconel 600 (%) 
72Ni 0.5Cu 6-10Fe 1Mg 0.15C 0.5Si 0.015S 14-17Cr 
 
IVF probe has many applications due to its portability; these applications can be listed as 
follows [1]: 
 On-site measurement of the cooling characteristics of a quenchant, directly in the 
quench tank, so as to test the cooling performance at various positions in the 
quench tank, check the effect of the rate of flow on cooling performance and 
follow changes in the cooling performance of a quenchant. 
 Laboratory measurements 
 Tests with different quenchants e.g. oils, polymers, water and salt 
 Incoming inspection of quenchants 
 
2.4.2 CHTE probe 
 
The K-type thermocouple is inserted through a steel extension road and coupling 
(Fig.2.4). The steel coupling has a screw designed to hold the thermocouple in place 
while the probe tip is tightened into position. In this experiment, 4140 steels are used for 
probe tips. 
 
Fig.2.4 Probe tip and coupling assembly [13] 
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2.4.2.1 Characteristics and TTT diagram of 4140 steel  
 
According to their carbon content, the plain carbon steel can be categorized as 
high-carbon steel (>0.60%), medium-carbon steel (0.30-0.60) and low-carbon steels 
(<0.30%). [14] 4140 can be classified as the medium-carbon steels with the chemical 
composition of 0.38-0.43 C by weight.  
4140 steel is made with chromium and molybdenum alloy additives. Chromium 
from 0.5 to 0.95% is added with a small amount of molybdenum (from 0.13 to 0.20%). 
These small amounts of these two elements increase the strength, hardenability and wear 
resistance of the 41xx series of alloy steels[15]. 
The chemical composition and typical applications of 4140 steels are listed below: 
4140 steel has 0.40 % Carbon, 0.58% Manganese, 0.95% Chromium, and 0.20% 
Molybdenum. Low alloy steels with chromium and molybdenum, because of their 
increased hardenability, can be oil quenched to form martensite instead of being water 
quenched since the slower oil quench reduces temperature gradients and internal stresses 
due to volume contraction and expansion during quenching. Distortion and cracking 
tendencies can be minimized. 
4140 is among the most widely used medium-carbon alloy steels. Relatively 
inexpensive considering the relatively high hardenability 4140 offers. Fully hardened 
4140 ranges from about 54 to 59 HRC, depends upon the exact carbon content. 
Forgeability is very good, but machinability is only fair and weldability is poor, because 
of susceptibility to weld cracking[16]. 
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Fig. 2.5 TTT (IT) diagram of 4140 steel [17] 
Figure 2.5 is TTT (IT) diagram of 4140 steel, which indicates the phase transformation 
from austenite to martensite or bainite or pearlite depending on the cooling rate that can 
be achieved from specific quenchant. Such diagram is valuable since the cooling curve 
can theoretically be superimposed upon it to predict heat-treatment response. The steel 
begins to transform at the Ms Temperature and is fully hardened at the Mf temperature. 
The starting and ending temperature of martensitic transformation Ms and Mf, 
which is quite critical for understanding of quenching process of 4140 steels, can be read 
from the diagram. Ms = 640oF = 338oC and Mf = 425oF = 218 oC. Also in order to get the 
complete martensite and avoid the formation of pearlite or bainite, the quenchant must be 
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able to cool the component fast enough to miss the nose of the curve for pearlite and 
bainite formation. 
 
2.5 Spray Quenching 
 
   Spray quenching is wildly used in applications which demand rapid cooling from 
high temperature and steady removal of concentrated heat loads. For example, the final 
mechanical and metallurgical properties of age-hardenable aluminum alloy extrusion are 
contingent upon the rate at which the part is quenched after the high temperature forming. 
If the exterior of a part having a cross-section with large variation in thickness is cooled 
as quickly as possible, large spatial temperature gradients develop which lead to high 
residual stresses and warping. Conversely, if a part is cooled too slowly, cooling 
uniformity may increase, but desired strength or hardness cannot be obtained in the 
subsequent age-hardening heat treatment. Therefore, an intelligent spray quenching 
system is proposed. Spray quenching allows the local surface heat flux (i.e., cooling rate) 
to be controlled whereas bath quenching offers no control since the entire part is 
constantly in contact with the quenchant. Denser sprays can, therefore, be aimed at the 
thicker sections and lighter sprays upon the thinner ones. This ideal quench consists of 
both rapid and uniform cooling of the part which not only offers the benefits of 
adaptability to different cooling situations as well as saving flow rate requirement, but 
also determines how to cool a part as quickly and uniformly as possible such that the 
resulting mechanical properties are optimized with the minimal cost.[18, 19]  
 
2.5.1 Cooling mechanism 
 
The cooling curve of a spray-quenched surface is similar in shape to that for bath 
 13 
quenching despite drastic difference in the liquid-solid contact pattern between the two 
cases. As in bath quenching, spray quenching commences with a relatively slow rate of 
the cooling, apparently due to a very rapid development of a thin vapor layer which 
cushions the spray droplets from the surface upon impact. The cooling curve is showed in 
Fig.2.6. The heat transfer can be divided into four regimes. This first one is film boiling 
regimes, which persists from evaluated surface temperature down to a lower limit 
commonly referred to as the minimum heat flux or Leidenfrost point (LFP).  
Below this temperature limit exists the second regime, transition boiling regime, in 
which the droplets begin to effectively wet the surface temperature resulting the in higher 
heat transfer rates and a faster decrease in the surface temperature. As the surface 
temperature decreases in the transition boiling regimes from the LFP, the heat transfer 
rate increase as more efficient surface wetting and boiling occur. At the lower 
temperature boundary of the transition boiling regime, the critical heat flux (CHF), 
virtually the entire surface becomes available for wetting by liquid and heat transfer rate 
reached a maximum. This maximum heat flux point corresponds to the inflection point or 
the steepest point of the cooling curve.  
The third is nucleate boiling regime, in this regime below CHF temperature, heat 
transfer rate decreases with decreasing surface temperature as bubble formation becomes 
less abundant. The lower boundary of the nucleate boiling regime is determined by the 
minimum surface superheat required to sustain vapor bubble nucleation and growth 
within the impinging droplets.  
Blow this limit is the final regime, film evaporation regime, which replaces the 
single-phase liquid cooling regime associated with bath quenching. In this regime, heat 
from the surface is conducted through the liquid film and dissipated by evaporation at the 
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liquid-gas interface [18]. 
 
Fig. 2.6 Boiling curve and time/temperature curve of quenching [18] 
Despite similarities in the shapes of the boiling curve and cooling curve for spray 
quenching compared to those for bath quenching, there exist many fundamental 
differences. The convection stage of spray quenching can be maintained much lower 
temperature than bath quenching [20]. This result is showed in Fig.2.7. Also, the spray 
liquid comes into contact with the solid surface in the form of discrete droplets which can 
be statistically characterized with respect to diameter and velocity. The rate of droplet 
arrival per unit area is governed by an important spray parameter called volumetric flux 
(volume flow rate of spray liquid per unit area per unit time). The reference of effect of 
droplet impact is given.[19] 
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Fig.2.7 Typical cooling curve measured in spray quenching selected [20] 
 
2.5.2 Effect of flow rate 
 
The rate of heat removal from a quenched part can be increased by agitation, which 
reduces the ability of the vapor blanket the surrounds the part during the early stage of the 
quench. The effect of agitation on the cooling mechanisms of a silver probe quenched by 
immersion in a 60C (140F) water bath is shown in Fig.2.8. A stream of water with a 
velocity of Vi was injected below the surface of the bath and directed at the probe. The 
greater the flow rate (agitation), the higher the temperature at which the vapor blanket 
mechanism was displaced by the much more effective nucleate boiling mechanism.[7] 
  From literature [8], fluid flow is used to accelerate the quench by rupturing the vapor 
blanket. The high flow rates inherent in a spray quench also accelerate cooling in the 
nucleate boiling and convective cooling portions of quenching. Data on cooling by the 
impact of streaming water droplets in spray quenching from previous research work is 
summarized in Fig.2.9 [6], where the heat transfer coefficient is plotted against the 
surface temperature. In general the data shows that for a given surface temperature, a 
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higher volumetric flux provides a higher heat transfer coefficient. In the surface 
temperature range, typically above 300°C, the heat transfer coefficient decreases with 
increasing surface temperature for a given spray volumetric flux. Below about 250°C, the 
available data seems to indicate that the heat transfer coefficient increases with surface 
temperature.[6] 
.  However, there still is the “limit” of the cooling rate, Fig.2.10 illustrates the typically 
quenching behavior at high water flux rates and indicates the small effect of doubling the 
already high water flux [8].  
  
.  
Fig.2.8 Effect of agitation (flow rate) on the cooling curve[7] 
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Fig.2.9 Cooling by the impact of streaming water droplets in spray quenching from 
previous research work [6] 
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(a)                                          (b) 
Fig.2.10 Compared the temperature distribution of sample quenched by (a) 50 
Ls-1m-2 and (b) 100 Ls-1m-2 [8] 
 
2.6 Quantification of Heat Transfer in Spray Quenching 
 
  When the temperature of a metal plate is well above the Leidenfrost temperature, 
cooling by spray quenching depends on the total water flow, the distribution of the water 
spray on the surface, and the size distribution of the droplets in the spray. Total water 
flow can be easily measured by using turbine flow meters or rotometers, or by measuring 
the amount of water delivered in a given amount of time[7].  
 
2.6.1 Thermal conductivity and specific heat capacity of 4140 steel and IVF 
probe  
 
The thermal behavior of materials is defined by specifying the temperature dependence 
of thermal conductivity and special-heat capacity and the latent heat effects due to phase 
transformation. The selection of the specific heat and the thermal conductivity for 4140 
steel and IVF probes will be discussed as follows.  
2.6.2 Thermal conductivity of 4140 steel and IVF probe 
 
  Thermal conduction is the phenomenon by which heat is transported from high- to low 
temperature regions of a substance. Thermal conductivity is the property of a material 
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that describes the rate at which heat will be conducted through a unit area of the material 
for a given period of time. It is best defined in terms of Fick’s First Law: [21] 
 
dx
dTkq −=         Eqn.2.1 
     
Where, 
   
 
q - Heat flux or heat flow per unit time per unit area, W/m2. 
k – Thermal conductivity, W/m*K.  
dT/dx – Temperature gradient through the conducting medium, K/m 
There are a variety of methods of measuring of thermal conductivity due to the 
difficulty of obtaining a controlled heat flow in a prescribed direction such that the actual 
boundary conditions in the experiment agree with those assumed in the theory. 
Generally these methods fall into two categories: the steady-state and the 
nonsteady-state methods. In the steady-state methods of measurement, there are 
longitudinal heat flow methods, the Forbes’ bar method, the radial heat flow method, the 
direct electrical heating method and the thermal comparator method. In the category of 
nonsteady-state methods, there are the periodic and the transient heat flow methods [22]. 
    The thermal conductivity, k, is a function of temperature. For 4140 steel, it can be 
obtained from two different sources: I) ASM Metals Handbook (1977) [14]. Adding the 
polynomial trend line into the scattered data points generated the following polynomial 
equation, which indicated the variation of thermal conductivity with temperature, k = 
10-7T3-0.0002T2 + 0.0327T + 40.82, W/m*K. II) Thermophysical Properties of Matter 
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(TPRC) (1970)[22]. In the same way, one polynomial equation was generated from the 
original data. k =5 * 10-8T3- 8*10-5T2 + 0.014T + 40.197, W/m*K. The more recent data 
of the thermal conductivity from ASM Metals Handbook [14] is used in calculating the 
Biot number for 4140 steels. The thermal conductivity curves for 4140 steel is shown in 
Fig.2.11 
 
 
 
 
Fig.2.11 Thermal conductivity of 4140 steel [13] 
For IVF probes, the thermal conductivity data can be found from Thermophysical 
Properties of Matter (TPRC) [23], the following equation can be obtained : k = 3*10-6T2 
+ 0.0133T + 14.509, W/m*K.  The curve of thermal conductivity for IVF probes is 
given in Fig.2.12.  
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Fig.2.12 Thermal conductivity of IVF probe 
 
2.6.3 Specific heat capacity of 4140 steel and IVF probe 
 
A solid material, when heated, experiences an increase in temperature signifying that 
some energy has been absorbed. Heat Capacity Cp is a property that is indicative of an 
alloy’s ability to absorb heat from the external surroundings; it represents the amount of 
energy required to produce a unit temperature rise [21]. In mathematical terms, the heat 
capacity Cp is expressed as follows: 
dT
dQCp =                          Eqn.2.2 
Where dQ is the energy required to produce a dT temperature change. Specific heat 
represents the heat capacity per unit mass and has various units. According to the 
environmental conditions accompanying the transfer of heat, there are two ways in which 
this property may be measured: one is heat capacity at constant volume Cv and the other 
is heat capacity at constant pressure Cp. 
    The heat generated by the austenite-to-ferrite/pearlite phase transformation results in 
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a shape peak for the specific-heat curve Fig.2.13. The quantity of heat generated is 
specified by calculating the area under the peak of the dotted line in the Cp vs. T curve. 
This latent heat effect is suppressed when the cooling rate is too high for the 
transformation to take place and hence is incorporated in the model only for the lower 
cooling rates. In the cases where the phase transformation dose occur, a latent heat of 106 
J/kg is defined between 1013 and 1053 K.[24] 
 
Fig.2.13 Temperature dependence of specific heat of 4140 steel [24] 
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Fig.2.14 Special Heat of 4140 steel [13] 
 
  The specific-heat data for 4140 steel whose phase transformation follows the Fe-Fe3C 
phase diagram can be obtained from ASM (American Society of Metals) Metals 
Handbook[14], which can be fitted into one polynomial equation to cover the entire 
temperature range,  Cp= -5*10-5T2 + 0.2575T +429.47 J/Kg*K. Or two straight lines 
with slightly different slopes can be used to cover the entire range of temperature 
variation [12]. The equation used for temperatures under 375oC is Cp=0.23T+ 432.75 and 
the one for temperatures above 375oC is Cp=0.21T+ 440.25. The curves are shown in 
Fig.2.14. Both methods are compared; there is no much difference for calculation of heat 
transfer coefficient of 4140 steel.[13] 
However, for very fast cooling, 4140 steel transforms from austenite to martensite at 
337.78oC, which makes the calculation of heat transfer coefficient more complex since it 
is hard to determine specific heat for martensite structure. But we can assume the probe 
remains austenite during the quenching process and use the specific heat of austenite to 
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do the calculation for the entire temperature range. Since it is not that easy to find the 
source for the specific heat of austenitic 4140, we can use the specific heat of pure 
austenitic iron to do some approximation. The red line in Fig.2.15 is the specific heat for 
pure austenitic iron. The dark red line is the specific heat for 4140 steel.  
First at higher temperature, e.g. around 850oC, the difference between the specific heat of 
pure austenitic iron and that of 4140 steel is assumed to be △Cp, then by deducting .Cp 
from specific heat of pure iron the Cp of austenitic 4140 can be generated as shown in 
Fig.2.15 , which can be used later to calculate the heat transfer coefficient of CHTE 
probe.[13] 
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Fig.2.15 Specific heat of austenite iron and 4140 as a function of temperature [13] 
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    For IVF probes, the special hear data can be obtained from Thermophysical 
Properties Research Center (1970) [23], the following equation can be obtained : Cp = 
7*10-6T3 + 0.0009T2 + 0.5214T + 415.61, J/Kg*K.  The curves of specific heat for IVF 
are given in Fig.2.16  
 
0
100
200
300
400
500
600
700
-400 -200 0 200 400 600 800 1000
Temperature (C)
Sp
ec
ifi
c 
H
ea
t J
/k
g*
K
IVF - TPRC
Regression into for
IVF -
 
Fig.2.16 Specific heat for IVF probe [23] 
 
2.6.4 Calculation of heat transfer coefficient 
 
2.6.4.1 Lumped thermal capacity model  
 
The calculation of heat transfer coefficient is very critical for understanding the 
quenching performance of different quenching media. Generally there are three important 
modes of heat transfer: heat conduction, thermal radiation and heat convection. But since 
the thermal resistance to conduction in the solid is small compared to the external 
resistance and also the probe tip in our experiments is very tiny, so we may ignore small 
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differences of temperature within the probe, assume that the spatial temperature within 
the system is uniform and only consider the convective heat transfer between probe tip 
and quenching fluid. This approximation is called the lumped thermal capacity model 
[25]. This model is valid when the Biot number (Bi) is much less than 0.1 and can be 
expressed by the following equations: 
dtdTTVCpTeThcA /)()( ρ=−−               Eqn. 2.3 
Where: 
hc =heat transfer coefficient averaged over the surface area, W/m2-K 
A =surface area, m2 
T =temperature of the wall, oC 
Te=temperature of the quenchant, oC 
ρ=Density, kg/m3 
V=volume, m3 
Cp=specific heat, J/kg* oC 
dT/dt =derivative of the temperature with respect to time. 
To use cooling rate data to calculate the average heat transfer coefficient the following 
must be considered. This solution must assume constant surface area, density, specific 
heat, and volume. The specific heat in a quenching application can vary. The density can 
also vary but to a lesser extent. 
Rearranging equation 2.3, 
hc = ρ )( TeTA
V
−
Cp (T) dt
dT
                 Eqn. 2.4 
 
For cylindrical probe tip, 
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                 Eqn. 2.5 
Where 
H- height of cylindrical probe tip 
r- radius of probe tip 
Also, the Biot number can be calculated using the equation 2.6 as follows. 
k
hLcBiot =         Eqn.2.6 
Where 
h=mean heat transfer coefficient 
Lc=Volume/Surface Area, (approximately =radius/2 for a cylinder) 
k=thermal conductivity of the steel 
For calculation of the heat transfer coefficient in equation 2.4, ρ, V/A, and Te are constant, 
since they are physical properties of the steel or quenchant. T and dT/dt are experimental 
data. However, the specific heat of the steel varies with the temperature. 
Therefore, how to choose the specific heat of the steel is important in determining the 
heat transfer coefficient. Also in equation 2.6, the thermal conductivity of the steel is also 
critical to calculate the Biot number.  
However, the Biot number obtained from spay quenching system is very high (Bi > > 
0.1), which means that there is a large gradient in temperature from the surface to the 
interior. Therefore, the lumped thermal capacity model (valid only when Bi < 0.1) is 
inappropriate and the heat-conduction equation needs to be solved.[24] However, the 
lumped thermal capacity model , it can predict heat transfer coefficient with acceptable 
accuracy for engineering calculations.[26]  
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2.6.4.2 Inverse heat conduction model [27] 
 
Inverse heat conduction model has been used to calculate heat transfer coefficient 
especially while the Biot number is greater than 1. This model has many important 
applications in various branches of engineering and science, including the estimation of 
unknown boundary heat flux heat, transfer coefficients, temperature-dependent 
thermophysical properties of materials and estimation of other parameters. Inverse heat 
conduction problem is solved by steepest descent method (SDM) and finite difference 
method. The SDM is based on the perturbational principle and can be transformed to the 
solution of three problems: the direct problem, the sensitivity problem and the adjoint 
problem.  
a. The direct problem 
In this experiment, we consider a one-dimensional, nonlinear heat conduction 
problem in cylindrical coordinate system. The differential heat equation with a 
convective and an adiabatic boundary condition can be expressed as follows: 
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Boundary conditions:  
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Initial condition:  
                              0)0,( TrT =                          Eqn.2.10 
 
Where T(r,t) is the temperature, which is the function of radius and time, h is the heat 
transfer coefficient, T∞ is the quenchant temperature, k and α are respectively the thermal 
conductivity and thermal diffusivity of the material being studied. 
Eqn.2.7 was solved subject to boundary conditions Eqn.2.8 and Eqn.2.9 and the initial 
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condition Eqn.2.10, using the finite difference method. 
b. The inverse problem 
For the inverse problem, the surface heat transfer coefficient h(T) is regarded as being 
unknown, but everything else in Eqn.2.7- Equ.2.10 is known. In addition, the temperature 
readings at the geometric center of the probe from the quenching experiment are 
considered available. Let the temperature reading be denoted by Y(0,t), then the 
estimation of surface heat transfer coefficient can be obtained by minimizing the 
following functional: 
                   ∫
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ftt
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2)],0(),0([][                  Eqn.2.11 
Where J(h) is the functional to be minimized. T(0,t) is the calculated temperature at the 
geometric center of the probe obtained by solving the direct problem using finite 
difference method. Y(0,t) is the experimentally measured temperature , tf is the final time 
for the whole quenching process.  
 
c. Steepest descent method (SDM) 
The SDM iterative process is used for the estimation of the transient heat transfer 
coefficient by minimizing the above J(h) functional. The change in heat transfer 
coefficient from computation step n to n+1 can be expressed as: 
                          
nnnn Phh β−=+1                      Eqn.2.12 
Here, βn is the search step size in going from iteration n to n+1, and Pn is the direction of 
descent (i.e. search direction) given by: 
                          
nn JP '=                            Eqn.2.13 
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In order to determine the search step and the search direction, a sensitivity problem and 
an adjoint problem need to be introduced. 
 
d. Sensitivity problem and search step size 
The sensitivity problem is obtained by replacing T by T+∆T in the direct heat conduction 
differential equation, then subtracting the direct problem from the resultant expression, 
and neglecting the second-order terms. 
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0)0,( =∆ rT                       Eqn.2.17 
Here, Eqn.2.14 is the differential equation for the sensitivity problem, Eqn.2.15 and 
Equ.2.16 are used for the boundary conditions and Eqn.2.17 is the initial condition. This 
sensitivity problem can also be solved by finite difference method.  
 
The functional can be rewritten as follows. 
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If the temperature term T(hn-βnPn) is linearized by a Taylor expansion, then the above 
equation takes the form 
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Taking the first-order derivative of the J(hn+1) expression in terms of βn, then the search 
step size can be expressed as: 
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Here the sensitivity problem ∆T can be solved using Eqn.2.14- Eqn.2.17 by letting ∆h=Pn. 
T(0,t) is the solution from the direct problem and Y(0,t) is taken from the experiment. 
 
d. Adjoint problem and gradient equation 
The theorem of adjoint problem can be explained as follows: minimum or maximum of 
f(x) function subject to the constraints function gj(x) that is not on the boundary of the 
region where f(x) and gj(x) are defined can be found by introducing p new parameters 
λ1,λ2,….λp and solving the system 
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In our case, since there is only one constraint function, the adjoint problem is formed by 
multiplying Eqn.2.2 by Lagrange multiplier λ(r,t), integrating over the whole space and 
time domain and adding the functional. The following expression results: 
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Similar to the formation of the sensitivity problem, ∆J is obtained by perturbing h by ∆h 
and T by ∆T in Eqn.2.22, subtracting from the resultant expression and neglecting the 
second-order terms. 
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The Green’s second identity is applied to the second term in Eqn.2.22, the initial and 
boundary conditions for the sensitivity problem Eqn.2.14-Eqn.2.17 are utilized and the 
integral term including ∆T is allowed to go to zero. The adjoint problem can be 
formulated as follows. 
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With final and boundary conditions 
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One thing we need to pay attention is that the adjoint problem is a final condition 
problem, which means λ=0 at t=tf, instead of the regular initial condition problem, but the 
final condition problem can be transformed into the initial condition problem by letting 
τ=tf-t. 
 
After the introduction of the adjoint problem, the following term is left from the 
functional expression. 
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From the definition of the search step size βn, 
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Comparing Equ.2.37 and Equ.2.38 the following expression for the gradient of the 
functional results: 
)(]['
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−= TT
k
hJ λα                      Eqn.2.39 
e. Stopping criterion 
If the problem contains no measurement errors, the traditional check condition is 
specified as 
ε<+ ][ 1nhJ                        Eqn.2.40 
Where ε is a small value. However, the measured temperature data may contain errors. 
Therefore, the stopping criteria ε is obtained by using the discrepancy principle. 
ft
2σε =                               Equ.2.41 
Here, σ is the standard deviation of the measurement, which is assumed to be a constant. 
 
 
2.4.6.3 Heat transfer coefficient of steel in water spray quenching: Ohnishi’s 
Equation 
 
The heat transfer coefficient associated with hydraulic water sprays has a similar type 
of dependent on surface temperature as immersion quenching. The other important 
variable in this case is the water flux rate. While some research has been done in water 
spray quenching, none cover the full temperature and water flux rates used in 
steel-making and fabrication processes. The Ohnish’s equation is developed based on the 
Mistsutsuka function. Mistsutsuka function is the most reliable published heat transfer 
coefficient of steel for water cooling surfaces in the range 400-800oC, which is based on 
seven independent data sources and is also excellent agreement with more recent work. 
Mistsutsuka function for the convective component of the heat transfer coefficient is: 
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445.2616.061031.3 −×= Tswh &       Eqn.2.42. 
Where w&  is the water flux rate and Ts is the surface temperature. In this temperature 
range the heat transfer coefficient decrease with increasing temperature. At the higher 
temperature, somewhere above 600oC, it is well established that the heat transfer 
coefficient becomes less temperature dependent although there is no universal agreement 
on its high temperature. On the other hand, at low temperature, it has been shown that the 
heat transfer coefficient has a maximum somewhere between 200oC and 300oC. To 
accommodate both low and high temperature behavior, Mistsutsuka function was 
modified to include a maximum at low temperature and temperature independent values 
at high temperatures, by employing a function of the form: 
[ ] mTnTsnTswAh cbc ⋅−−⋅⋅= )(&     Eqn.2.43 
where m and n are parameters which modify the function at Tm and Tn: 
Eqn.2.44 
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A, B, C, M and N are constants while Tm and Tn determined the temperature of the 
maximum and the temperature above which hc becomes constant, respectively. To 
determine the above constants, laboratory measurements were made by recording the 
temperature drop in specimen, the details is given in Reference [8]. The values of the 
constants were determined by maximizing the regression coefficient relating the 
experiment and calculated temperature drop (using a 1D finite different model) with 
respect to the constants. Initially, Mitsutsuka’s values of A, B and C were used and M, N, 
Tm and Tn were determined. A, B and C were then re-determined. The re-determined 
values of B and C were not significantly different to Mitsutsuka’s and did not warrant 
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changing. The final equation was then: 
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This equation is valid for surface temperature from 150oC to at least 900oC and for 
water flux rate from 0.16 to at least 62 Ls-1m-2. Fig shows hc as a function of calculated 
temperature drops during experimental cooling using the new equation and those actually 
measured. 
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3. Experiment Plan 
 
    The experiment plan is as follows. There are three different series of experiments 
that have been conducted by spray quenching IVF and CHTE probes as presented in  
Table.3.1 and Table.3.2 The first set of experiments was using each type of probe 
quenched in water and different AQ251 polymer quenchant concentration (5%, 10%, and 
15%) in fixed spray distance and flow rate. The second one was conducted in different 
spray distance by using different spray nozzles (inner diameter: 2.25”, 3.0”, and 3.75”) in 
each kind quenchant (water, 5%, 10% and 15% AQ 251 polymer quenchant) and in a 
fixed flow rate. The final one was using different flow rates (15, 25 and 35 gpm) by using 
water or fixed polymer quenchant concentration in fixed distance. 
Table 3.1 Test matrix of CHTE and IVF probes spray quenching flow rate and 
distance trials in water 
Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Table 3.2 Test matrix of CHTE and IVF probes spray quenching flow rate and 
distance trials in AQ 251 polymer quenchant 
Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of  
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Based on the time/temperature data acquired by computer, the calculated cooling rate 
and heat transfer coefficient for each condition have been analyzed to discuss the effect 
of flow rate, spray distance and polymer quenchant concentration on spray quenching. 
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4. Experimental Procedure 
 
  A spray quenching system has been developed, fabricated and tested at WPI [28]. The 
system was designed to provide the control of the key process parameters, a quenching 
probe system and allow the easy change of spray nozzles. In this section of this thesis the 
main components of spray quenching system will be presented and discussed. In addition, 
the quenching parameters for the system will also be presented.  
The experimental runs were conducted on CHTE and IVF probes. The details of the 
probes were described in section 2.4: Quenching probes. A photograph of the CHTE 
spray quenching system is shown in Fig.4.1.  
 
4.1 Spray nozzles, Pump and Tank Assembles 
  
There were three different sizes of spray nozzles used in this project; their pictures are 
shown in Fig.4.2 to Fig.4.4. The spray nozzle was attached to the tank by mounting it to 
pre cut holes on the top of the tank. Hence, after the quenchant was sent into annular 
regions within the nozzle to form a fine conical spray, it can be sent back to the tank (the 
sketch of tank is shown in Fig.4.7). The quenchant is supplied by a pressure booster 
pump (Fig.4.5) and its flow rate is controlled by the pressure regulator. The pressure can 
be monitored by the pressure adjusting screw, and the value can be seen on the pressure 
gauge. The different flow rate was measured by the amount of liquid delivered from each 
spray nozzle in a given amount of time, by adjusting pressure. The details are followed in 
the next section.   
   The CHTE probe is first heated to a temperature of 850 oC in a furnace. It is then 
quickly moved into a fixture and exposed to spray. The fixture is attached to the top of 
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the spray nozzle, shown in Fig.4.7, which is designed to assure that the specimen is 
upright and centered with respect to different sizes of spray nozzles. Compressed argon 
flows through the furnace while heating up the CHTE probe. The purpose of argon is 
minimizing the decarburization of the probe during the austenitizing phase. During 
quenching, the time/temperature data are sent to the notebook PC based data-acquisition 
system. The probes are then cleaned lightly by using 180 grit SiC paper to remove oxides 
and ensure uniform surface texture, and repeatability on the surface between quenches. 
This procedure was required because surface roughness has been observed to effect the 
thermal response of spray quenched parts [29]. The procedure for the IVF probe is 
conducted in the same manner as the CHTE probe, except that it is first heated up to 1000 
oC.  
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Fig. 4.1 CHTE Spray Quenching System 
1. Spray Nozzle     5. Pressure Regulator   9. Computer with Acquisition Data Card   13. Argon Tank 
2. Quench Tank    6. Pressure Gauge    10. K-Type Thermocouple                       
3. Booster Pump           7. Pump Power Switch   11. Tube Furnace                             
4. Temperature Gauge       8. Fixture     12. Probe 
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Fig.4.2 Top and Side Views of Spray Nozzle-2.25” Inner Diameter 
 
 
 
 
 
 
 
Fig.4.3 Top and Side Views of Spray Nozzle- 3.0” Inner Diameter 
 
 
 
 
 
 
 
Fig.4.4 Top and Side Views of Spray Nozzle- 3.75” Inner Diameter 
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Fig. 4.5 Booster Pump (maximum output rating of 41.5 gallons per minute) 
 
Fig. 4.6 Fixture 
 
Fig.4.7 Sketch of Quench Tank 
14-1/4” 
25” Top View 
25” 
24” Side View 
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4.2 Calculate of Flow Rates 
 
4.2.1 Flow rate test 
 
  In this project, the different flow rate was measured by the amount of liquid delivered from each 
spray nozzle in a given amount of time, by adjusting pressure. The procedure is as follows: 
1. Run the system for 10 seconds to get the weight of the liquid in a fixed pressure. In this test, six 
different pressures have been given (10, 20, 30, 40, 50 , 60 psi) 
2. Measure the weight (g) of liquid outputted from each spray nozzle in each pressure and perform 
the test four times to determine repeatability of data. Four types of liquids were used: water, 5% , 
10%,15% AQ 251 polymer quenchant) 
3. Convert units: use the relationship shown below 
a.  )/(
)(
3cmgDensity
gWeight
= Volume (cm3)  
b.  Volume: galcm →3  
c. =
sec)10(
)(
time
galVolume flow rate (
sec
gal )  
d. Flow rate:
minsec
galgal
→  
 
4.2.2 Flow rate results 
 
  Using the procedure described above, the flow rate results were assembled graphically by plotting 
pressure vs. flow rate charts. In each figure, from Fig.4.8 to Fig.4.11, adding the polynomial trend 
lines into the scattered data points generated the polynomial equations which are presented below 
each figure. These equations indicated the variation of pressure with flow rate. 
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Fig 4.8 Pressure versus water flow rate  
 
Using inner diameter equals to 2.25 in 
y = 0.0001x3 - 0.0201x2 + 1.4192x - 3.2728  
Using inner diameter equals to 3.0 in 
y = 0.0001x3 - 0.0188x2 + 1.2259x + 1.2929 
Using inner diameter equals to3.75 in 
y = 0.0001x3 - 0.0242x2 + 1.5214x - 3.0981 
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5% Polymer flow rate
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 Fig 4.9 Pressure versus 5% AQ251 polymer quenchant flow rate 
 
Using inner diameter equals to 2.25 in 
y = 0.0001x3 - 0.0211x2 + 1.4537x - 3.8471 
Using inner diameter equals to 3.0 in 
y = 0.0002x3 - 0.0274x2 + 1.6459x - 5.1643 
Using inner diameter equals to3.75 in 
y = 0.0001x3 - 0.0233x2 + 1.4812x - 2.9567 
(y: Pressure (psi), x: Flow rate (gpm)) 
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10% Polymer flow rate
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 Fig 4.10 Pressure versus 10% AQ251 polymer quenchant flow rate 
 
Using inner diameter equals to 2.25 in 
y = 0.0001x3 - 0.0212x2 + 1.466x - 4.2829 
Using inner diameter equals to 3.0 in 
y = 0.0001x3 - 0.0215x2 + 1.3602x - 2.2971 
Using inner diameter equals to3.75 in 
y = 9E-05x3 - 0.0178x2 + 1.2925x - 1.8472 
(y: Pressure (psi), x: Flow rate (gpm)) 
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15% Polymer flow rate
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Fig 4.11 Pressure versus 15% AQ251 polymer quenchant flow rate 
 
Using inner diameter equals to 2.25 in 
y = 0.0001x3 - 0.0197x2 + 1.3951x - 4.4286 
Using inner diameter equals to 3.0 in 
y = 0.0001x3 - 0.0204x2 + 1.3461x - 3.0386 
Using inner diameter equals to3.75 in 
y = 0.0001x3 - 0.0195x2 + 1.3365x - 2.7528 
(y: Flow rate (gpm), x: Pressure (psi)) 
 
In this project, the conducted flow rates are 15, 25 and 35 gpm. By substituting flow rate value 
into y in each equation, the value of pressure (x) can be obtained. 
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4.3 Time versus Temperature Data Acquisition System 
 
Time/temperature data from the thermocouple placed in the center of the probe is acquired by 
using commercial LabView Data Acquisition software on a notebook computer running Windows 
2000. The thermocouple is connected to a connector box, which is connected to the computer via 
PCMCIA DAQCard and cold junction compensation. The connector box can accommodate 
maximum 15 thermocouple connections. The DAQCard has a sampling rate of 20kS/second and a 
16-bit resolution. A sample rate of 1000 readings per second was chosen in this project. 
 
4.4 Data Smoothing and Analysis 
   
An example time/temperature response obtained in the stationary test is showed in Fig.4.12. 
The measured temperature data obtained from the embedded thermocouples typically contained 
random noise, with peak amplitude of approximately 5 oC. In order to get rid of those peaks from 
noise, software TableCurve 2D.5.0 was used to smooth data. The details are shown in Appendix A. 
From Fig.4.12 we can see that can reduce the noise to ~1 oC while still maintaining the trend in the 
original data. 
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Fig. 4.12 Influence of smoothing data used by TableCurve 2D 5.0 on the measured 
time/temperature data 
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5.  Experimental Results 
5.1 Cooling Rate Curves 
 
The cooling rate curves of CHTE and IVF probes in each condition are shown as follows.  
Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
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Fig.5.1 Cooling rate curves of CHTE probes water spray quenched in various spray distance 
(R), FR=15gpm 
 
Fig.5.2 Cooling rate curves of IVF probes water spray quenched in various spray distance (R)  
FR=15 gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe 
No. 
of  
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
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Fig.5.3Cooling rate curves of CHTE probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=15 gpm  
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Fig.5.4 Cooling rate curves of IVF probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=15 gpm  
 
 
 
 
 
Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
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water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
Cooling Rate (oC)
0 100 200 300 400 500 600
Te
m
pe
ra
tu
re
 
(o C
)
0
100
200
300
400
500
600
700
800
900
1000
1100
R=2.38 cm
R=3.33 cm
R=4.29 cm
 
Fig.5.5 Cooling rate curves of CHTE probes in water spray quenched in various spray distance 
(R), FR=25 gpm  
 
 
 
Fig.5.6 Cooling rate curves of IVF probes in water spray quenched in various spray distance 
(R), FR=25 gpm  
Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of  
Concentration (%) gpm (L/sec) in cm   trials 
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5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
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Fig.5.7 Cooling rate curves of CHTE probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=25 gpm  
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Fig.5.8 Cooling rate curves of IVF probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=25 gpm  
 
 
 
 
 
 
 
 
 
 
Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
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water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.9 Cooling rate curves of CHTE probes in water spray quenched in various spray distance 
(R), FR=35 gpm  
 
 
 
Fig.5.10 Cooling rate curves of IVF probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=35 gpm  
 
Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe 
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of  
Concentration (%) gpm (L/sec) in cm   trials 
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5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
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Fig.5.11 Cooling rate curves of CHTE probes spray quenched in various spray distance (R) 
and various concentration of AQ251, FR=35 gpm  
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Fig.5.12 Cooling rate curves of IVF probes spray quenched in various spray distance (R) and 
various concentration of AQ251, FR=35 gpm  
 
 
 
5.2 Calculate Heat transfer coefficient 
 
  The heat transfer coefficient of CHTE and IVF probes calculated from lumped thermal capacity 
model (lumped mode) and inverse conduction model (inverse mode) are compared in various 
condition shown as follows. Also, the Biot numbers calculated from lump thermal capacity are also 
shown as follows because the Biot number needed to be considered to apply lumped model.  
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Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE , IVF 5 
 
Fig.5.13 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in water, FR=15gpm 
 
 
 
Fig.5.14 Biot Number of CHTE probes spray quenched in water, FR=15gpm 
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Fig.5.15 Heat transfer coefficient of IVF probes from lumped model spray quenched in water, 
FR=15gpm 
 
 
 
 
 
Fig.5.16 Biot Number of IVF probes spray quenched in water, FR=15gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe 
No. 
of  
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Fig.5.17 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 5% AQ251, FR=15gpm 
 
 
Fig.5.18 Biot Number of CHTE probes spray quenched in 5% AQ251, FR=15gpm 
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Fig.5.19 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 5% AQ251, FR=15gpm 
 
 
 
 
 
Fig.5.20 Biot Number of IVF probes spray quenched in 5% AQ251, FR=15gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.21 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 10% AQ251, FR=15gpm 
 
Fig.5.22 Biot Number of CHTE probes spray quenched in 10% AQ251, FR=15gpm 
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Fig.5.23 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 10% AQ251, FR=15gpm 
 
 
 
 
 
Fig.5.24 Biot Number of IVF probes spray quenched in 10% AQ251, FR=15gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.25 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 15% AQ251, FR=15gpm 
 
Fig.5.26 Biot Number of CHTE probes spray quenched in 15% AQ251, FR=15gpm  
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Fig.5.27 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 15% AQ251, FR=15gpm 
 
 
 
 
Fig.5.28 Biot Number of IVF probes spray quenched in 15% AQ251, FR=15gpm 
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Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of 
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Fig.5.29 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in water, FR=25gpm 
 
 
Fig.5.30 Biot Number of CHTE probes spray quenched in water, FR=25gpm 
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Fig.5.31 Heat transfer coefficient of IVF probes from lumped model quenched in spray water, 
FR=25gpm 
 
 
 
 
 
Fig.5.32 Biot Number of IVF probes quenched in spray water, FR=25gpm 
Polymer Flow rate  Sizes  of Spray Nozzles Probe No. of 
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Quenchant 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Fig.5.33 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 5% AQ251, FR=25gpm 
 
Fig.5.34 Biot Number of CHTE probes spray quenched in 5%AQ251, FR=25gpm 
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Fig.5.35 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 5% AQ251, FR=25gpm 
 
 
 
 
 
Fig.5.36 Biot Number of IVF probes spray quenched in 5%AQ251, FR=25gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.37 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 10% AQ251, FR=25gpm 
 
Fig.5.38 Biot Number of CHTE probes spray quenched in 10%AQ251, FR=25gpm 
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Fig.5.39 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 10% AQ251, FR=25gpm 
 
 
 
 
 
Fig.5.40 Biot Number of IVF probes spray quenched in 10%AQ251, FR=25gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.41 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 15% AQ251, FR=25gpm 
 
Fig.5.42 Biot Number of CHTE probes spray quenched in 15%AQ251, FR=25gpm 
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Fig.5.43 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 15% AQ251, FR=25gpm 
 
 
 
 
Fig.5.44 Biot Number of IVF probes spray quenched in 15%AQ251, FR=25gpm 
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Quenchant Flow rate  Sizes of Spray Nozzles Probe No. of  
  gpm (L/sec) in  cm   trials 
water 15(0.95) 2.25 , 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 25(1.58) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
water 35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.45 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in water, FR=35gpm 
                        
 
Fig.5.46 Biot Number of CHTE probes spray quenched in water, FR=35gpm 
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Fig.5.47 Compare heat transfer coefficient of IVF probes from lumped model spray quenched 
in water, FR=35gpm 
 
 
Fig.5.48 Biot Number of IVF probes spray quenched in water, FR=35gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of 
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
Fig.5.48 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 5%AQ251, FR=35gpm 
 
Fig.5.49 Biot Number of CHTE probes spray quenched in 5%AQ251, FR=35gpm 
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Fig.5.50 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 5%AQ251, FR=35gpm 
 
 
 
 
Fig.5.51 Biot Number of IVF probes spray quenched in 5%AQ251, FR=35gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe 
No. 
of  
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Fig.5.52 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 10%AQ251, FR=35gpm 
 
Fig.5.53 Biot Number of CHTE probes spray quenched in 10%AQ251, FR=35gpm 
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Fig.5.54 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 10%AQ251, FR=35gpm 
 
 
 
 
 
 
Fig.5.55 Biot Number of IVF probes spray quenched in 10%AQ251, FR=35gpm 
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Polymer 
Quenchant Flow rate  Sizes  of Spray Nozzles Probe No. of  
Concentration (%) gpm (L/sec) in cm   trials 
5 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
10 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
15 15(0.95),25(1.58),35(2.21) 2.25, 3.0,3.75 5.715, 7.62, 9.525 CHTE, IVF 5 
 
 
Fig.5.56 Compare heat transfer coefficient of CHTE probes from lumped and inverse models 
spray quenched in 15%AQ251, FR=35gpm 
 
 
Fig.5.57 Biot Number of CHTE probes spray quenched in 15%AQ251, FR=35gpm 
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Fig.5.58 Compare heat transfer coefficient of IVF probes from lumped and inverse models 
spray quenched in 15%AQ251, FR=35gpm 
 
 
 
Fig.5.59 Biot Number of IVF probes spray quenched in 15%AQ251, FR=35gpm 
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6.  Experimental discussions 
 
6.1 The effect of concentration of polymer quenchant  
 
Fig.6.1 and Fig.6.2 show spray distance versus maximum cooling rate for CHTE and IVF probes in 
different flow rate in varying concentration of polymer. 
Fig.6.3 and Fig.6.4 show polymer concentration versus maximum cooling rate for CHTE and IVF 
probes in different flow rate in varying spray distance.  
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Fig. 6.1 Spray distance vs. maximum cooling rate for CHTE probes spray quenched in varying 
concentration of polymer quenchant 
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Fig. 6.2 Spray distance vs. maximum cooling rate for IVF probe spray quenched in varying 
concentration of polymer quenchant 
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Fig. 6.3 Polymer concentration vs. maximum cooling rate for CHTE probes spray quenched in 
varying spray distance 
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Fig. 6.4 Polymer concentration vs. maximum cooling rate for IVF probes spray quenched in 
varying spray distance 
 
From Fig. 6.1 to Fig. 6.4, generally, there are similar trends in both figures. As concentration of 
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polymer quenchant has increased, the cooling rates have shown decrease. 
6.2 Effect of Flow Rate 
 
Fig.6.5 shows spray distance versus maximum cooling rate for CHTE and IVF probes water spray 
quenched in different flow rate in varying spray distance. 
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Fig. 6.5 Spray distance vs. maximum cooling rate for CHTE and IVF probes spray quenched in 
water  
 
From Fig.6.5, the cooling rates of IVF probes are higher than those of CHTE probes; it is 
 88
because the thermal conductivity of IVF probes is higher than CHTE probes. (Section 2.6.1).Also, 
Fig. 6.5 shows that generally cooling rate increases with increasing the flow rate. For CHTE probes, 
there is not much difference shown with changing flow rate. This is possibly due to the fact that the 
CHTE probes is fairly small and the water flow rate used in this project is very high compared to 
other research shown in literature; highest one is 100 Ls-1m-2 (Fig.2.10). In this project, the lowest 
one is 403 Ls-1m-2. According to the literature, high flow rate in a spray quench accelerates cooling, 
but there still exists the “limit” of the cooling rate in each specific operating condition. Quenching 
behavior at high flow rates indicate the small effect of further increasing the already high flow rate 
(Fig.2.9). 
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Fig.6.6 to Fig.6.11 show maximum cooling rate versus spray distance for CHTE and IVF probes 
spray quenched in each flow rate in varying concentration of polymer  
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Fig. 6.6 Spray distance vs. maximum cooling rate for CHTE probes spray quenched in 
5%AQ251  
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Fig.6.7 Spray distance vs. maximum cooling rate for IVF probes spray quenched in 5%AQ251 
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Fig.6.8 Spray distance vs. maximum. cooling rate for CHTE probes spray quenched in 
10%AQ251 
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Fig.6.9 Spray distance vs. maximum cooling rate for IVF probes spray quenched in 
10%AQ251 
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Fig.6.10 Spray distance vs. maximum cooling rate for CHTE probes spray quenched in 
15%AQ251 
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Fig.6.11 Spray distance vs. maximum cooling rate for IVF probes spray quenched in 
15%AQ251 
 
From Fig.6.6 to Fig.6.9, both CHTE and IVF probes show that generally cooling rate increases 
with increasing the flow rate while using 5% and 10% AQ251 polymer quenchant. In Fig.6.10 and 
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Fig.6.11, while using the 15% AQ251 polymer quenchant, the effect of increasing flow rate is not as 
oblivious as using 5% and 10% AQ251 polymer quenchant. The maximum cooling rates in each 
flow rate are overlap. This is possible due to the fact that the 15 gpm flow rate is already high 
enough to get the maximum cooling rate for both probes spray quenched in 15% AQ251.    
 
6.3 The effect of spray distance  
 
From Fig.6.5 to Fig.6.11, there is not a common tendency of the relationship between spray 
distance and cooling rate. This is possibly due to the fact that the spray distance difference between 
each size spray nozzle is very small; only about 1 cm difference, so it doesn't affect the quench 
performance of CHTE and IVF probes much.  
  
6.4 Heat Transfer Coefficient Analysis 
 
From Fig.5.13 to Fig.5.39, the comparison of heat transfer coefficient curves are calculated by 
lumped thermal capacity model (lumped model) and inverse heat conduction model (inverse model) 
from the data in section. According to the literature, the Biot number should be less than 0.1 to apply 
the lump model [30]. If the Biot number is greater than 0.1, there is error involved that must be 
compared to other sources of error in a system in order to determine if the Biot number of lumped 
model can be made. In this thesis, the inverse model has been used to check the Biot number. The 
maximum Biot number of IVF probes that has been observed in this work is in the vicinity of 2.2 
and minimum is in the vicinity of 0.5. The maximum Biot number of CHTE probes is near 0.5 and 
minimum is in the vicinity of 0.2. This will introduce error. The heat transfer coefficient curves are 
almost the same between lumped model and inverse model while the Biot number is below 0.25. It 
can be shown that while the Biot number is below 0.25, the heat transfer coefficient calculated from 
lumped model is still reliable. Also, according to the temperature/heat transfer coefficient figures 
 93
shown in section 5.2, while the Biot number is greater than 0.25, for CHTE probes, high heat 
transfer coefficient from lumped model shows up in the low temperature range (below 200 oC). If 
we do not consider the heat transfer coefficient below 200oC, the temperature range of maximum 
heat transfer coefficient from lumped model is 600~750 oC, and from inverse model is 250~350 oC. 
Also, for IVF probes, the temperature range of c maximum heat transfer coefficient from lump 
model is 550~750oC, and from inverse model is 250~ 400oC. According to literature Fig 2.9, in 
general the highest heat transfer coefficient has a maximum somehow between 200oC and 300oC. 
The heat transfer coefficient from inverse model has closer temperature range than lumped model. 
Furthermore, in lump model while Biot number increases, it means that the ratio of internal thermal 
resistance of a solid to the boundary layer thermal resistance increases, so more error will be 
contained in lump model, which results in the greater difference in HTC from lumped model and 
inverse model. The results are shown in Fig.6.12 and Fig.6.13. 
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Fig.6.12 The relationship between Biot number and the difference in maximum heat transfer 
coefficients of CHTE probes calculated from lump model and inverse model  
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Fig.6.13 The relationship between Biot number and the difference in maximum heat transfer 
coefficients of IVF probes calculated from lump model and inverse model  
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6.4.1 Inverse heat conduction model 
 
The inverse heat conduction model developed at WPI cannot be applied while cooling rate is 
higher than 330 oC/sec. In this project, the cooling rates obtained from IVF probes quenched in water 
spray are over 330 oC/sec, so the inverse heat conduction model cannot be used to calculate the heat 
transfer coefficient of IVF probes quenched in water spray. Fig.6.14 to Fig.6.16 shows the difference 
between the experimental and calculated time/temperature data in various cooling rate. The reason to 
inverse heat conduction model cannot be applied while cooling rate is higher than 330 oC/sec is 
because as the cooling rate goes higher, the value of the stopping criteria ε  is larger (Section 
2.4.6.2 e: Stopping criterion). While raising the value of the stopping criteria, the more error will be 
contained. For the IVF probes, the maximum value of stopping criteria ε  is 10 (1% of the heating 
temperature). In Fig.6.14, while maximum cooling rate is equal to 450 oC/sec, the value of the 
stopping criteria has already been raised to about 100, thus there is error. 
 
 
 
Fig.6.14 Compare experimental 
time/temperature data to calculated from data from inverse conduction model (Max. 
CR=250oC/sec, CR=300oC/sec) 
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Fig.6.15 Compare experimental time/temperature data to calculated from inverse conduction 
model ( Max. CR=330oC/sec, CR= 400oC/sec) 
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Fig.6.16 Compare experimental time/temperature data to calculated from inverse conduction 
model (Max. CR= 450oC/sec)) 
 
   
6.4.2 Ohinish’s Equation 
 
Ohinish’s equation is developed based on the Mistsutsuka function [8] which is the most reliable 
published equation for calculating heat transfer coefficient of steel in water spray quenching. 
Fig.6.17-Fig.6.19 show the heat transfer coefficient from Ohinish’s equation of CHTE probes spray 
quenched in water in various flow rate. Compared with lumped model and inverse model in Fig.5.13, 
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apparently, the highest heat transfer coefficient obtained from Ohinish’s equation is over 200 
magnification lower and lacks reliability. In Fig.6.19, the three lines from different flow rate are 
evenly overlapped to each other. According to literature, Ohinish’s equation can be applied while the 
water flux rate is from 0.16 to at least 62 Ls-1m-2. In this project, the water flux rates are equal to 
833.7 Ls-1m-2(flow rate=0.95 Ls-1), 1389.5 Ls-1m-2(flow rate=1.58 Ls-1) and 1945.27 Ls-1m-2(flow 
rate=2.21 Ls-1), which is much over the range. It can be concluded that Ohinish’s equation cannot be 
used while the water flux rate is over well 833 Ls-1m-2.  
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Fig.6.17 Heat transfer coefficient of CHTE probes from Ohinish’s equation in 15 gpm flow rate 
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Fig.6.18 Heat transfer coefficient of CHTE probes from Ohinish’s equation in 25 gpm flow rate 
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Fig.6.19 Heat transfer coefficient of CHTE probes from Ohinish’s equation in 35 gpm flow rate 
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7.  Conclusion 
1. The cooling rate increases with increasing flow rate 
2. The cooling rate decreases with an increased concentration of polymer quenchant. 
3. The spray distance in this project does not have a direct relationship with cooling rate. 
4. The temperature range of maximum heat transfer coefficients from inverse heat conduction mode 
(CHTE:250-350oC, IVF: 250-400oC) has close results to literature[6], 200oC-300oC.  
5. In lumped model while the Biot number increases, it means that the ratio of internal thermal 
resistance of a solid to the boundary layer thermal resistance increases, so more error will be 
contained in lump model, which results in the greater difference in HTC from lumped model and 
inverse model. 
6. Ohinish’s equation cannot be applied when the water flux rate is over 833 Ls-1m-2.  
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While in the repeatability test one typical curve needs to be generated from five experiments for 
the same probe to represent the quenching performance of specific probe in specific quenchant. 
Table Curve 2D 5.0 is a powerful tool to do the linear and non-linear automated curve fitting. First 
the raw data of T-dT/dt need to be stored in two columns as the formats of either excel spreadsheet, 
or SigmaPlot file, or ASCII text, then imported or opened in Table Curve editor window. All kinds 
of equations can be chosen to fit the data. In our case two methods were utilized: high precision 
polynomial equation. 
 
 
Fig.A-1 Table Curve 2D 5.0 data smoothing window –High Precision Polynomial smoothing 
method 
 
Fig.A-1 shows one sample window of data smoothing with Table Curve 2D 5.0, the scattered plot 
is the raw data from the experiments, and the blue line is the curve fitted by high precision 
polynomial smoothing method. 
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High Precision Polynomial Smoothing method 
 TableCurve 2D 5.0 provides high precision polynomial equations from 4th order through 20th order, 
which has such standard format as Y=a+bx+cx2+dx3+…. One of the advantages of this smoothing 
method is not only the fitted data but also the prediction limits and confidence limits can be obtained 
directly from the smoothing result. Confidence intervals indicate how accurately the fitted curve can 
be achieved using TableCurve; a 99% confidence interval is the Y-range for a given X that has a 
99% probability for containing the true Y value. While Prediction intervals are useful for predicting, 
for a given X, the Y value of the next experiment. It is often used when a fit represents a single 
experiment, where each Y value is a single observation rather than an average. In this case, the 
weight for each Y value isn't based upon a standard deviation from multiple observations, but rather 
is inversely related to the experimental uncertainty for the individual measurement, if such is known. 
If the uncertainty of the Y measurement is unknown or thought to be equal for all X, all points can 
use equal 1.0 weight. 
 
Fig.A-2 Sample of data smoothing using High Precision Polynomial Equation 
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A 99% prediction interval is the Y range for a given X where there is a 99% probability that the 
next experiment's Y value will occur, based upon the fit of the present experiment's data. Fig.A-2 is 
a sample graph with 99% confidence and prediction limits. The data are generated using high 
precision polynomial smoothing method. Therefore, the experimental results can be presented as the 
average curve with the confidence and prediction limit bands instead of five individual curves. 
 
 
 
